Probes. These molecules have low photobleaching rates (10-6 to 10-8 per excitation),near-unityquantum yield in a semirigid environment, and an absorption cross section of 1.35 x 10-16 cm2 at 532 nm, estimated by us on the basis of the measured absorption in methanol. 15. A quartz cover slip was first spin-coated with one drop (0.2 ml) of 0.1 % by weight PMMA in chlorobenzene and then spin-coated with one drop of a 1-nM solution of Dil'2C(12) in toluene. The nanomolar dye solution was freshly prepared from a micromolar dye solution with each sample. 16. Although the calculated saturation intensity is 1 MW cm-2, in a separate study we found that the saturation of the fluorescent transition was determined by transitions from the excited singlet state to a metastable state, probably the triplet state, with an intersystem crossing rate of about 0.15% and a triplet lifetime of 0.4 ms.
Werner's syndrome 0NS) is an inherited disease with clinical symptoms resembling premature aging. Early susceptibility to a number of major age-related diseases is a key feature of this disorder. The gene responsible for WS (known as WRN) was identified by positional cloning. The predicted protein is 1432 amino acids in length and shows significant similarity to DNA helicases. Four mutations in WS patients were identified. Two of the mutations are splice-junction mutations, with the predicted result being the exclusion of exons from the final messenger RNA. One of these mutations, which results in a frameshift and a predicted truncated protein, was found in the homozygous state in 60 p~ent of Japanese WS patients examlnea.lfle other two mutations are nonsense mutations. I ne Identification of a mutated putative helicase as the gene product of the WS gene suggests that defective DNA metabolism is involved in the complex process of aging in WS patients.
Werner's syndrome is a rare autosomal recessive disorder that is considered a partial model of human aging (1) (2) (3) . WS patients prematurely develop a variety of the major age-related diseases, including several forms of arteriosclerosis, malignant neoplasms, type II diabetes mellitus, osteoporosis', and ocular cataracts; these individuals also manifest early graying and loss of hair, skin atrophy, and a generally aged appearance. Growth retardation occurs, typically around the time of puberty, but medical problems are rare during childhood. Cell culture studies also suggest a parallel between WS and aging; the replicative life-span of fibroblasts from WS patients is reduced compared with age- ;:'dYindivid"l; (4) . How,v", wm, prevalent geriatric disorders such as Alzheimer's disease and hypertension are not observed in WS. Moreover, there are subtle discordances between WS and normal aging, such as a disproportionately severe osteoporosis of the limbs relative to the trunk and the high prevalence of nonepithelial neoplasms in WS. Finally, there are unusual clinical features unrelated to aging, including ulcerations around the ankles and soft tissue calcification (1, 2) . The WS locus (WRN) was initially localized to 8p12 (5) by linkage analysis and the genetic position refined by both meiotic and homozygosity mapping (5) (6) (7) . Initial mapping (6) (7) (8) placed WRN in an 8.3-centimorgan (cM) interval flanked by markers D8S137 and D8S87 (Fig. 1) ; D8S339, located within this interval, was the closest marker. Subsequently, short tan-SCIENCE.
VOL. 272 12 APRIL 1996 12 APRIL (1977 J. Opt. Soc. Am. 67, 1607 (1977 Lett.121,513(1985) . 26. M. O. Scully, Appl. Phys. B 51,238 (1990) . 27. We obtained an ensemble measurement by rasterscanning a 36-fLm2 sample area prepared with 20 times higher coverage of molecules at a laser intensity of 500 W cm-2, while continuously collecting fluorescence. It thus averaged over several hundred molecules.
P. R. Bevington, Data Reduction and Error Analysis
for the Physical Sciences (McGraw-Hili, New York, 1969 ), chap. 11. 26 October 1995 accepted 19 January 1996 dem repeat polymorphism (STRP) markers at the glutathione reductase (GSR) gene and D8S339 were shown to be in linkage disequilibrium with WS in Japanese WS patients (9, 10) , indicating that these markers are most likely close to WRN.
To clone the WS gene, we generated a map from yeast artificial chromosomes (YACs), PI clones, and cosmid contigs ( Fig. 1 ), starting at GSR and extended by walking methods to cover approximately 3 Mb (11). Eighteen STRP markers (Fig. 1B) were identified in the contig; probable recombinants were detected at D8S2194 (which excluded the region telomeric to this marker) and at D8S2186 [which ex The polymorphic loci are 8TRP mark-A ers except for PPP2CB and 0882180 which are bi-allelic insertion-deletion polymorph isms (11) (2233, 2253, 3833, 2236, 2237, 2932, 2934, and 6738) and one cosmid clone(176C6).Partial sequences were obtained for Ẽ from D8S2194 to D8S2186 (Fig. lC) exon of the same gene was also identified by exon trapping. The sequence from R58879 was used to identify longer cDNA clones (17) . Northern (RNA) blot analysis showed that R58879 is expressed; transcripts of~5.8 and 8.1 kb were detected in all tissues tested ( Fig. 2A) . The predominant smaller transcript was present at highest quantities in pancreas, followed by placenta, muscle, and heart. Transcripts were also detected in RT-PCR products from fibroblast and lymphoblastoid cell line RNA (Fig. 2B) . The completed sequence was assembled from 12 additional overlapping cDNA clones and by 5'-RACE experiments (17) to yield a 5.2-kb final sequence (GenBank accession number L76937). Four mutations in WS patients were detected in the gene corresponding to R58879 (Table 1) . Two mutations were nonsense mutations creating premature stop codons (mutations 1 and 2). Four Japanese WS patients, the offspring of first cousin marriages, and one Caucasian, from a second cousin marriage (18), were homozygous for the Arg1305TGA mutation (mutation 1) (where the arginine codon at position 1305 is mutated to stop codon TGA). The Glnl165T AG mutation (mutation 2) was found in one Japanese patient who is the offspring of a first cousin marriage and homozygous for the mutation. These two mutations were not observed in 48 Caucasian or 96 Japanese control individuals (19, 20) . A third mutation, identified in a Syrian family, is a 4-bp deletion spanning a splice junction (mutation 3). In this kindred, three sibs with WS are homozygous for this mutation. A fourth sib, aged21, is homozygous for the same mutation but too young for a definitive diagnosis of WS (1, 2) . Although these individuals are not from a consanguineous marriage, they do share the same haplotype across the WS region (12) . This mutation was. not observed in 96 Caucasian or 48 Japanese control individuals (19, 20) . A fourth mutation was first detected as a RT-PCR product that was 95 bp shorter than products from other WS and control individuals (Fig. 2B) . Comparison of the RT-PCR product sequence and the genomic sequence from PI clone 2934 revealed that the missing 95 bp corresponded to a single exon. The missing exon 'and flanking genomic segments were sequenced from the WS patient and control individuals, and a single base change of G-J>C was detected that changes a splice donor sequence from ApG to ApC (mutation 4) and results in a frame shift of codons 1078 to 1092. This WS patient is the offspring of a first cousin marriage and is homozygous for this mutation. For 30 Japanese kindreds examined, affected individuals from 18 of the kindreds are homozygous for mutation 4. In three of these families two affected sibs were sampled, and in each case both are homozygous. Among mutation carriers, 12 of 16 have the 141-bp allele at the GSR2 STRP, which is overrepresented in WS cases (frequency = 0.40) and relatively rare in Japanese control individuals (frequency = 0.07) (10) . The association of this allele with WS was responsible for the initial detection of linkage disequilibrium in this region (9) . This mutation was not observed in 48 Caucasian WS patients. In 187 Japanese control individuals, one heterozygote was observed for an estimated gene frequency of 0.003 (19, 20) , which is comparable with gene frequency estimates (0.001 to 0.005) based on WS prevalence rates and consanguinity estimates (2, 21) . The protein predicted from the cDNA sequence is 1432 residues in length ( Fig.  3 ) and is highly similar to DNA helicases from a wide range of organisms (Fig. 4) . All seven helicase consensus domains are present, including the nucleotide binding (22) . Helicase domains I through VI I are in bold type, and their location was adapted from previously described helicase domain alignments (31). The amino acids corresponding to the exon missing from RT-PCR products from mutation 4 individuals are overlined. The locations of mutations 1 and 2 are noted with asterisks. The exon presumed to be missing as a result of the mutation 3 splice junction deletion is also overlined. Exon boundaries are from the genomic sequence of P1 clone 2934. (23) . The WRN protein also contains a 98-amino acid acidic region that includes 13 aspartates or glutamates in a stretch of 17 amino acids (Fig. 3) ; the same region contains a 27-amino acid repeat that is a perfect duplication at the nucleotide level.
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As a putative helicase, the WRN protein could be involved in DNA replication, recombination, chromosome segregation, DNA repair, transcription, or other functions requiring DNA unwinding. Indicators of defective DNA metabolism in WS include chromosomal instability, an elevated mutation rate at specific genes, elevated rates of nonhomologous recombination, decreased accuracy of liga- (27) .
An alternate hypothesis to a DNA repair deficiency is that the WRN defect leads directly to DNA damage and mutations. For example, the Saccharomyces cerevisiae Sgslp helicase (Fig. 4) , as part of a topoisomerase complex, functions to decatenate intertwined chromosomes; mutations in the gene SOS 1 lead to hyperrecombination between repeated sequences with the deletion of intervening DNA, chromosome breakage, and nondisjunction (28) .
The consequence of the WS defect in DNA metabolism may be the accumulation of DNA mutations, leading to the age-related diseases observed in WS. Disease susceptibility in WS could be the result of mutations at specific genes. For example, the increased incidence of neoplasia in WS may be caused by somatic mutations at oncogenes and tumor suppressor genes. Mutations in WRN may also playa role in tumorigenesis in non-WS individuals because this gene is located in one of two chromosome 8p regions where loss-of-heterozygosity has been observed in tumors (29) Fig. 4 . Protein alignment of genes showing homology to predicted protein genomic sequence between exons 6 and 7. Manual inspection of the WRN (22) . Helicase domains are marked as shaded regions (31). F18C5.2 alignment led to the identification of a missing exon (nucleotides 10240 (GenBank entry CElF18C5) is a predicted gene from a C. elegans cosmid through 10427), which was included in the F18C5.2 sequence shown. that has been sequenced (32) . When the predicted WRN protein was Sequences for human RECOl and E. coli RecO proteins and yeast Sgs1p aligned to F18C5.2, one region, highly conserved in other helicases, was are from GenBank. Numerous other helicases (not shown here) also missing. The missing region was identified by aligningthe WAN gene to the showed significant homology.
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provides evidence that at least some components of "normal" aging and disease susceptibility in late life may be related to aberrations in DNA metabolism.
